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Introduction
In 1982 during isolation of glutamine synthetase (EC 6.3.1,2) from pea leaves we found a high molecular weight protein, which was co-purified with the enzyme [I] . The structure and some properties of this protein were similar to the GroEL-protein of E. coli, which is required for correct assembly of some bacteriophages [2, 3] . Latch, very similar proteins were found in chloroplasts [4, 5] and mitochondria [6.7] . The proteins of the Grol:L-like family are thought to transientb bind to newly synthesized polypcptides. This association assists post-translational folding of polypeptides and assembly to the correct oligomeric form. Since these proteins are not a part of a final structure they have been termed chaperonins [4, 8, 9] . The quaternary structure of some chaperonins has been studied by electron microscopy [!- 3, 10] . It was shown that all of them were composed of 14 subonits arranged in t~o layers, but the modcl.~ of the molecular structure were rather differen:
Correslxmdencc: 'v'.L.Tsuprtm, AA,'.Snubnit~o~, Institul¢ ~t ¢r).,,tal-Iography. USSR Therefore in this ~t.ork we performed a morc detailed electron-microscopic study of (iroEL-like chaperonin from pea leaves using multivariate statistical image analysis (MSA)[! 1 .12] . The MSA technique allo~s us to distinguish betv, cen slightly diffcrcnl projections arising from different pa)sitions of the molecule on the support film. The subsequent automatic classificat+on groups the projections into classes. The images of each class arc more similar to each other than tO images of other classes v, hich makes it possible to enhance the signal-to-noise ratio of the characteristic viev, s of a particlc.
During purification ol glutamme ,,~nthctase 1ram pea leaf cytosol v,c noticed an unusual co-aligratiml ol GroEl.-like protein. In the present work we have thoroughly studied these preparations and revealed a stable association of glutamine synthetasc and GrolEL-likc protein. The structure of these a.~sociatcs was analyzed.
Materials and Methods
Glutamine synthetase [13] and tir,~bL-I+ke protein [l] were i.,,olatcd and purified from lc:,v,:s of 2-3-v+eeks old pea ph.nts grown in open ground. The proteins ~ere dissolved in 50 .,m,m qri.,,-HCI bt~lfcr (pit 7.5~.
containing ILl M MgS()4, to a final corccntration oI 0.1-0.2 mg/ml. NegatKely stained specimens were made on carb(m-covcrcd coil(,di(m fiim~, with the droplet method using I'~ uranyl acetate. Electron microscopy was performed with a Phihps EM 4~Jtl electron microscope a[ 8(1 kV. Images were recorded at 50JX)0 × magnification; the magnifie:,tion was calf brated with orthorhombic cat;dase crystals. Selccied micrographs were digitized with a Dataeopy ele~:tronic digitizing camera using a step size of 25 #m corresponding to a pixel size of 0.5 nm on the object.
Image analysis was carried out on a Convex CI-XP mini-supcrcomputer using the IMAGtC software system [ 14] . The processing comprised se~ eral steps. Particles were selected inleractiveiy from the micrographs using a raster-scan image display system. A total of 1544 molecular images were extracted from l0 difl'crent micrographs using a window of 36 × 36 pixets. They were pretreated and normalized. A circular mask with a radius of llg pixels was impos~ d uptm the particles to remove unnccessaD' background. The average density inside the mask was set to zero and the variance of the densities was normalized. The next steps of the analysis were carried out essentially as described previously [15, 16] . The prctreated images were aligned to each other by o)rrelation methods. After alignment they v, ere ~,ubjectcd t() multivariate statistical image analysis (MSA) [1 I ] and subsequent classification [12] . Finally the images belonging to ~.hc same class were averaged.
Resul|s and Discussion
Two dislincl types of molecular projections of Gnd'.~L-likc protein omld readily be observed in the micrographs (Fig. I ) . The first type or top view has the form of a "seven-pointed" star with a diameter of 13 _+ l nm. The second type or side view looks like a rectangle of 12.5-15.0 nm length and 10.0-12.0 nm width with four stripes parallel to the short side. These two types arc found more frequently than others and most probably correspond to the stable positions of the molecule on the support, Other projections arise more or less from slight deviations of these two orientations.
To study the structure of GpoEL-like protein in more detail, the single particle projections were treated by MSA and classified. Since thc two views ( Fig. I) differ substantially, the total data set of 1544 images was subdivided into two subsets (779 top views and 765 side views). These subsets ware processed independently. The same scheme of subsequent steps was fifllowcd in alignment of projections. MSA and classification. Wc startcd with an arbitrary particle as the firs! referen,:e. All further alignments were carried out wi~h improved intermediate refcrences made from the prcvious alignments. Then it was followed by a first MSA and classification in which the two data sets were decomposed into 10-12 classes, automatically rejecting about 15~ of the particles. The rejected images mainly seem to represent badly aligned particles and ones which were non-typically stained. The classes after the first MSA and classification were used as new references for the next cycle of multireferenee alignment and MSA procedure. The final classes of top and side view projections are shown in Fig. 2 and Fig. 3 , respectively. They represent 75-811% of the particles used.
Besides the rejection of 15% of the images during the first MSA procedure, 5-10% of the images were rejected after the second MSA step on the base of very 69 low correlation between them ~l~d the reference. Visual examination of all thc~c images ~.llOV~red that the latter ones wcrc largely mi'~-aligncd projections from the cl~ss A position, but with the m(,leculc rotated over an angle. Analysis of the individual p~:rticlc images of the class A using auto-correlalion functions shows that they are characterized by ~even-fi)ld rolational symmet~'. Seven-ti)ld averaging of each particle led to three groups of images: two of them have different handedncss and the third one was ch)se to 7 m symmetry. The particles of [he first two groups were averaged separately. The averages ( Fig.  2K and L,) arc mirror images and consist both (,f seven el<~ngaled stain-excluding (protein) regions. The appearance of these two groups of images can be explained by preferential sta!ning of the back ()r front side of the molecule.
A nalysis o[ top tiew pr~K'cti<ms

Anah~is ¢,' .1" sub, riew projectums
An examinalion of ll~c mierographs showed that about one hatf of the particle projections were side views, clearly difi-ercnt from the top views, They were selected and analyzed. After repeated alignments on improved references and after the first MSA and classilication, the classes obtained were used as intermediate references tbr a next multi-reference alignment, This was followed by final classification into 12 classes (Fig. 3 ~. each class containing 27-81 individual molecular images. The projections A-L have a square or rectangular form and show a continuous variation of the morphology or variation of viewing angle. The pro iecli,~ns J-L differ from other ones by their larger size in one direction which may be due to particle distorlion on the support. Mosl of the classes show four stain-excluding striations.
Molecular stru,,'turc of GroEL-hke protein
The molecular mass of the protein determined by gel filtration and sedimentation equilibrium lechniques, was found to he about 900-950 kDa seven-fold rotational symmetry in the top-view projection indicates that the GroEL-like protein should contain an integral multiple of seven subunits. Faking into account the molecuiar mass of the molecule and its subunits one can conclude that the protein consists of 14 subunits. The ~ssibility of 28 copies (fimr layers of seven) can als,; be ruled out because of the dimensions. The GroEL-likc protein particles (i3 nm dia,,clt:r and 12.5-15 nm in length) are too ,,mall to accommt~atc a mass of about 1801) kDa: for ~ompari.~m: a F~ ATP syr, thase molecule with a ma~ of 39h kl)a h'a,, a diameter of i1 nm and a lcngm of 8-9 nm [1¢~]. ]"he most important ~,l,scn,'ation in ,,ide ~ie,,,, projections with four striati~-ns is their di,,ision into t~.o equal halves, approximately related by mirror symmet~. As a consequence of the seven-fold symmeto,' in the top views and the number of 14 subunits, each half must correspond to one layer with seven subunit.,,. Such a two-layered structure may be characterized by 72 point group symmetry, in which the subunits in different layers are related by t~o-fold symmetry. The projections ob~rved show that the molecule is ~lindricalb shaped with a diameter of about 13 nm and a height of 13_+1 nm measured from seven-fldd ( Fig, 2A) and rectangular (Fig. 4A )panicle projections. The ~cnfold axis is perpendicular I~ the ,,,riatMn on contrary to otii previous work [il, where it ~'as oriented parallel to the short side of the rectangle. The diameter of the top view is larger than the short side of the rectangular projection. ~,'hich is aba~ut 11 nm (Fig. 4A ). This can bc explained by partial immerd¢~n of p:,rlicle,, in "~idc-on' projection in stain. The square projection ([lg. 41-1)can be obtained by lilting of .~ueh parlicle~ (Fig. 4A) ahotll an axis parallel to the striation. The four prolein pcak~ which are seen in ~ome ~lrips after band-p:l~ fihcrin~ ( Fig. 4 ) may be also due to partial or one-sided slaining. The presence of four protein .,,trip~ in rectangular projections indicates lhilt lhc plolein is composed of four di~s (two discs in each layer). The arrangement o[ seven subunits of each layer in two discs allowed us to suggest that each subunit consists of two different domains of equal size I~calized at different levels along the .,,even-fl~ld axis. A similar subunit confl~rmation was suggested fl~r a .%ieuroff~ora cra~a chapcronin lilt] The division of each layer of seven ~ubunits into l~o did, c,, with the scxcn-fold axis normal to them i,, confirmcJ h~ the presence in the protein preparations of parlieles with two ,,trips having a fl~rm and a ~,ize corresp~mding to a half of the molecule (indicated by arrow,, m Fig.  1 ). Probably the protein preparation can induce the dis~ciation of the molecules into hake', of sc~en ,,uhunits. Fig. 4C shows such parlicle,, ~hich turned out t,~ hc in one cla~,~, after MSA pn~'cdure. A ~me-laycr structure of ,,even suhtrnils v.as sugge',Icd earlier fl~r the mit(xhondrial chap,*nmin ofa moth [17] . (Fig. 5 ). We obscrxcd Ih:,t only two sites of (;roiq.-likc protein sserc frequently t',inding to glutamine synlhctase: glutammc synlhclasc molecule,, are in contact will] Ihc prolein in lhc middle of the short (Fig. 5A.(') or the h .Ig (Fig. 513. (') side of the rectangle. "I'~o groups of these images (Fig. 5A.B) ~cre separately aligned by ctnrclation methods and a~craged. "l'hc results of a,.craging {Fig. 6A.B) demonstrate two ",'dicky" sites of GroEL-likc protein which arc accessible !¢~ association with the enzyme. We have recently flmnd vc~, similar complexes between ribulose-~.5-bispho.sphalc carboxylase (Rub(sop) subunit-bindmg protein (similar to GroEL-protein of E. colt and apparently identical to glutamine syntheiase binding protein) and oligomcric Rubisco (L~S~) from pea leaf chloroplasts by ctcctron microscopy [2(I,21]. There is sot:~c biochemical evidence on the involvement of Rub(sop subtnnit-binding protein in the assembly of Rub(sop in higher plants [22, 23] . The GroEL-like protein may play a similar role in the case of glutamine synthctasc. This suggestion is in agreement with data of Lubben ctal. [5] and our previous data on the low yield of active octameric molecules of higher plant glutamine synthetasc from subunits in vitro [24] . There were associations of GroEL-like chaperonins with unfolded Fig. 6. (A,B) Computer averaged images of two variant,, of associalions of (;roEL+like protein and glulamine synlhelase molecules (shown in Fig. 5A and B ).
subunits of Rubisco [22,23,25] and pre-/8-1actamase and ehioramphenicot acetyltransferase [26]. One of the most interesting aspects of these problems now is to solve the functional part of the interaction between GroELlike protein and other proteins. It is possible that such interaction may be necessary not only for protein folding and assembly but also for stabilization of their oligomeric structure.
